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There are abundant PAH-degrading bacteria in mangrove sediments, and it is very important to screen
the high efficiency degraders in order to perform bioremediation of PAH polluted environments. In order
to obtain the more highly efficient PAH-degrading bacteria from a mangrove swamp, we first obtained 62
strains of PAH-degrading bacteria using traditional culture methods and based on their morphological
characteristics. We then used the modern molecular biological technology of PCR–RFLP, in which the
16S rDNA of these strains were digested by different enzymes. Based on differences in the PCR–RFLP pro-
files, we obtained five strains of phenanthrene-degrading bacteria, five strains of pyrene-degrading bac-
teria, four strains of fluoranthene-degrading bacteria, five strains of benzo[a]pyrene-degrading bacteria
and two strains of mixed PAH-degrading bacteria (including phenanthrene, pyrene, fluoranthene and
benzo[a]pyrene). Finally, a total of 14 different PAH-degrading bacteria were obtained. The 16S rDNA
sequences of these strains were aligned with the BLAST program on the NCBI website and it was found
that they belonged to the a-proteobacteria and c-proteobacteria, including four strains, where the sim-
ilarities were no more than 97% and which were suspected therefore to be new species. This study indi-
cated that PCR–RFLP was a very important method to screen degrading-bacteria, and also a significant
molecular biological tool for the rapid classification and accurate identification of many different strains.
On the other hand, it also showed that rich bacterial resources existed in mangrove areas, and that
exploring and developing the functional microorganism from these mangrove areas would have wide
use in the study of bioremediation of contaminated environments in the future.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous in the
environment and cause great environmental concern because of
their persistence, toxicity and mutagenicity (Cerniglia, 1992). PAHs
naturally occur in fossil fuels such as coal and petroleum, but are
also formed during the incomplete combustion of organic materi-
als such as coal, diesel, wood and vegetation (Lim et al., 1999).
Mangroves are woody plant communities in the intertidal regions
of subtropical and tropical coasts (Lin, 1999). They are particularly
susceptible to oil pollution and, as a reservoir, receive a large
amount of PAHs from oil spills, ship traffic, urban runoff, wastewa-
ter and industrial discharge, as well as atmospheric deposition of
vehicle exhaust and industrial stack emission (Burns et al., 1993).
After entry, these PAHs would accumulate in mangrove sedimentsAll rights reserved.
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et al., 1997; Ke et al., 2002).
PAHs released into the environment can be removed by many
processes, including volatilization, photo-oxidation, chemical oxi-
dation, bioaccumulation and adsorption onto sediment particles.
However, one of the major decomposition processes of PAHs in
the environment is microbial degradation (Bastiaens et al., 2000;
Wilson and Jones, 1993). In PAH contaminated sediments, microor-
ganisms capable of utilizing and degrading hydrocarbons are pres-
ent and can be involved in PAH elimination (Catallo and Portier,
1992). It is essential to isolate the highly effective degraders in
order to study PAH biodegradation in polluted environments. In
natural environments, the low molecular weight (LMW) PAHs,
such as naphthalene, phenanthrene (Phe), acenaphthene, acenaph-
thalene and fluorene are relatively easily degraded, and there are a
large number of bacterial strains able to metabolize or cometabo-
lize these compounds, whereas the high molecular weight (HMW)
PAHs are persistent (Juhasz and Naidu, 2000).
The biodegradation potential of strains isolated from hydrocar-
bon-contaminated environments were as high as, or even higher
than, those originating from non-contaminated sediments, since




















Fig. 1. Map of Fugong mangrove area (the sampling site is indicated by an asterisk).
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contaminated environment (Chaineau et al., 1999). Ramsay et al.
(2000) report that the number of aromatic-degraders in mangrove
sediments is very high (104–106 cell/g sediments). In order to ex-
plore the phylogenetic relationships of a number of PAH-degrading
bacteria in the mangrove ecosystem, we must determine their 16S
rDNA sequences. It would consume much time, labor and costs if
we determined the 16S rDNA sequences of all the isolates.
In this study, we used different PAH selection pressures and tra-
ditional culture methods for the microorganisms, and high number
of PAH-degrading bacteria have been initially obtained. We uti-
lized the modern molecular biology technique of polymerase chain
reaction–restriction fragment length polymorphism (PCR–RFLP)
before sequencing, in which the 16S rDNA of these strains were di-
gested by different enzymes, and according to the patterns shown
in the results we obtained the number of strain species. Then the
different strains were sequenced and their phylogenetic analysis
carried out.
The main objective of the present work was to screen the PAH-
degrading bacterial strains inhabiting mangrove sediments rapidly
by combining culture-dependent and molecular approaches. A
number of degraders have been obtained by traditional culture
methods. For further characterization of bacterial diversity, and
to evaluate their genera, the molecular methods of PCR–RFLP based
on 16S rDNA gene analyses were used to describe community
structure based on different bands, and then carrying out phyloge-
netic analysis of these PAH-degrading bacteria from mangrove sed-
iments based on their 16S rDNA sequences.2. Materials and methods
2.1. Study sites and sampling
Fugong mangrove (117540–117550E, 24220–24240N) (Ge
et al., 2005) is located to the south of the Jiulong River Estuary,
and is a mangrove nature conservation area of Fugong, Fujian Prov-
ince of China (Lin et al., 2005). The area of the mangrove commu-
nity is about 670 km2 (Chen et al., 1996). The north of the
mangrove area is bounded by the Jiulong Estuary, which is an
important waterway; to the east is a fresh water river; and to
the south there are some aquaculture areas. On account of its geo-
graphical location, the major sources of pollution in this region are
ship wastes, livestock discharges, mariculture and household
waste and wastewater.
The mangrove surface sediment samples were collected from an
area of around 1 m2 at the centre of each tidal zone (including high,
medium and low) during low tides in June 2007, and then sealed
into polythene bags after mixing them together as a sample
(Fig. 1). These were transported rapidly within 24 h of collection
to the laboratory in an ice box for microbial enrichment.2.2. Enrichment and isolation of PAH-degrading bacteria
Fresh mangrove sediment sample was transferred into conical
flasks (10 g per flask) containing 90 mL sterilized MM2 liquid
medium (0.278 mg FeSO47H2O, 100 ll 1MKH2PO4, 2.3 g
(NH4)2SO47H2O in 1 L of 0.45 lm Millipore-filtered seawater) with
pH adjusted to 7.2 and salinity at 2% and with addition of Phe, pyr-
ene (Pyr), fluoranthene (Flu), benzo[a]pyrene (Bap) or mixed PAHs
including Phe, Pyr, Flu and Bap (purchased from Sigma Chemical,
USA, purity >99%) to a final concentration of 50 mg L1. The flasks
were shaken on an orbital shaker at room temperature (25 C) at
150 rpm. After 7 days incubation, a 10 mL aliquot of the enriched
culture was transferred into new 250 mL conical flasks containing
90 mL fresh Phe-, Pyr-, Flu-, Bap- or mixed PAH-MM2 medium.This step was repeated seven times to obtain the enriched PAH-
degrading consortium.
At the end of the enrichment, bacterial strains in each consor-
tium were isolated by spreading the 10-fold serial diluted consor-
tium onto 2216E agar plates (5 g peptone, 1 g yeast extract, 0.01 g
FePO4, 1.0% agar in 1 L of 0.45 lm Millipore-filtered seawater, pH
7.6–7.8, autoclaved at 121 C for 20 min). Bacterial colonies were
picked off from the plates, and further purified by repetitive streak-
ing onto 2216E agar plates.
2.3. PCR–RFLP analysis of the PAH-degrading bacteria
The 16S rDNA of the isolated PAH-degrading bacteria was
amplified using a set of primers: the forward primer 27F (Esche-
richia coli position 8-27), 50-AGA GTT TGA TCC TGG CTC AG-30
and the reverse primer 1492R (E. coli position 1510-1492), 50-
GGT TAC CTT GTT ACG ACT T-30 using the PCR cloning method.
The PCR conditions involved mixtures being preheated at 94 C
for 2 min prior to running the following cycles, 94 C for 1 min,
55 C for 1 min, 72 C for 2 min. A PCR was run for 30 cycles in a
DNA thermal cycle (Biometra, Germany). The productions were
stored at 4 C. The 16S rDNA fragments were about 1.5 Kb and they
were digested with two restriction enzymes of AfaI and MspI for
RFLP analysis. The digestion system contained 5 lL DNA, 1 lL
10X T buffer, 1 lL 0.1% BSA, and sterile double-distilled water
was added up to the end volume of 10 lL. The DNA was digested
at 37 C for 4 h, then the reaction was stopped by adding 0.1 lL
10X loading buffer. The resulting restriction fragments were ana-
lyzed on a 2.5% agarose gel. The gel was stained with 0.5 lg mL1
ethidium bromide and photographed using ultra violet photogra-
phy (Tanon, China).
2.4. 16S rDNA sequencing and phylogenetic analysis
The 16S rDNA PCR products were electrophoresed using 1% aga-
rose gel, and purified with a gel extraction kit. Finally, the purified
product was ligated into pMD18-T vector (Takara, Shiga, Japan),
and the ligation product was transformed into E. coli DH5a compe-
tent cells with ampicillin and blue/white screening, and sequenced
by Biocompany in Shanghai, China.
The 16S rDNA sequences of these strains were aligned with the
BLAST program on the NCBI website. The strain which had the
highest similarity was used as a reference strain. If the similarity
Fig. 3. RFLP analysis of Pyr-degrading strains.
Fig. 4. RFLP analysis of Flu-degrading strains.
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et al., 1990). A phylogenetic tree was obtained using DNAMAN
software and the neighbor-joining method.
3. Results
3.1. Isolation of PAH-degrading bacterial strains
At the end of enrichment, bacterial strains were isolated by
spreading the 10-fold serial diluted consortium onto 2216E agar
plates. The plates were incubated at 25 C for 3 days in the dark.
The strains were isolated based on their size, morphology and col-
or, and those which were difficult to distinguish were considered
as specific ones and retained in order to get as many PAH-degrad-
ing bacteria as possible. After purification, a total of 62 bacteria
were obtained, including 14 strains of Phe-degrading bacteria, 10
strains of Pyr-degrading bacteria, 10 strains of Flu-degrading bac-
teria, 15 strains of Bap-degrading bacteria and 13 strains of mixed
PAH-degrading bacteria.
3.2. PCR–RFLP analysis of the PAH-degrading bacteria
The 16S rDNA of the isolated PAH-degrading bacteria was
amplified, and the PCR products were digested by two restriction
enzymes named AfaI and MspI. The electrophoretic profiles of the
restrictions are shown in Figs. 2–7.
The RFLP profile of the Phe-degrading bacteria is revealed in
Fig. 2. There were five different patterns in the profile from the
14 strains of Phe-degrading bacteria including F2, 6, 13, 18 and
21 as the first pattern, F3, 16 and 20 the second pattern, F4 and
17 the third pattern, F5, 14 and 15 the fourth pattern, and F19
the fifth pattern.
The RFLP profile of the Pyr-degrading bacteria is revealed in
Fig. 3. There were five different patterns in the profile from 10
strains of Pyr-degrading bacteria including B1, 3, 14 and 15 as
the first pattern, B2 and 4 the second pattern, B5 and 13 the third
pattern, F5 and B16 the fourth pattern, and B17 the fifth pattern.
The RFLP profile of the Flu-degrading bacteria is revealed in
Fig. 4. There were four different patterns in the profile from 10
strains of Flu-degrading bacteria including Y1, 4, 5 and 27 as the
first pattern, Y2 the second pattern, Y3, 14 and 22 the third pattern,
and Y6 and 24 the fourth pattern.
The RFLP profile of the Bap-degrading bacteria is revealed in
Fig. 5. There were once more five different patterns in the profile
from the 15 strains of Bap-degrading bacteria including Bap1, 2,
10 and 13 as the first pattern, Bap3 the second pattern, Bap5, 7,
8, 11 and 16 the third pattern, Bap4, 9 and 15 the fourth pattern,
and Bap12 and 14 the fifth pattern.Fig. 2. RFLP analysis of Phe-degrading strains.
Fig. 5. RFLP analysis of Bap-degrading strains.The RFLP profile of mixed PAH-degrading bacteria is revealed in
Fig. 6. There were two different patterns in the profile from the 13
strains of mixed PAH-degrading bacteria including M1, 3, 4, 11 and
16 as the first pattern, and M2, 3, 7, 8, 9, 10, 12, 13 and 15 the sec-
ond pattern.
The RFLP profile of all the PAH-degrading bacteria is revealed in
Fig. 7. There were 14 different patterns in the profile from the 21
Fig. 6. RFLP analysis of mixed PAH-degrading strains.
Table 1
Types and numbers of PAH-degrading bacteria revealed by RFLP.
RFLP type Strain Total
1 F2, F6, F13, F18, F21, Y2 6
2 F4, F17, B5, B13, Y1, Y4, Y5, Y27 8
3 Bap4, Bap9, Bap15 3
4 F5, F14, F15, Bap1, Bap2, Bap10, Bap13 7
5 B16 1
6 M1, M3, M4, M11, M16 5
7 F3, F16, F20, Bap3 4
8 B1, B3, B14, B15, Y3, Y14, Y22 7
9 B2, B4 2
10 B17 1
11 Bap5, Bap7, Bap8, Bap11, Bap16 5
12 Bap12, Bap14 2
13 M2, M7, M8, M9, M10, M12, M13, M15 8
14 F19, Y6, Y24 3
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pattern, F4, B5 and Y4 the second pattern, B9 the third pattern,
Bap1 and F15 the fourth pattern, B16 the fifth pattern, M3 the sixth
pattern, F16 and Bap3 the seventh pattern, B1 and Y3 the eighth
pattern, B2 the ninth pattern, B17 the tenth pattern, Bap7 the elev-
enth pattern, Bap12 the twelfth pattern, M2 the thirteenth pattern,
and F19 and Y24 the fourteenth pattern. All the results of the RFLP
analysis are given in Table 1.3.3. 16S rDNA sequences and phylogenetic analysis of the degraders
The total DNA was extracted from 14 different strains of PAH-
degrading bacteria and microbial 16S rDNA amplification was per-
formed with 27F of forward and 1492R of reverse primers. Align-
ment of the 16S rDNA sequences of each PAH-degrading
bacterium to its most similar sequences in the GenBank are shown
in Table 2. Sequence similarities of F2, F4, Bap1, Bap9, M2 and M3
to their closest relations were 99%, but B2, F16 and F19 only dis-
played 95%, 95% and 94% similarity to their closest counterparts
in the public databases. These sequence types also had low similar-
ity to the 16S rDNA gene sequences of their nearest known coun-
terparts, including members from the genera Roseobacter and
Insulimonas litoralis. A phylogenetic tree based on PAH-degrading
bacterial 16S rDNA gene sequences was constructed (Fig. 8). The
results indicated that these strains were grouped into two phyla
including a-proteobacteria (F2, F4, B2, F16, M2, B1 and Bap9)
and c-proteobacteria (Bap12, F19, Bap7, M3 B17, B16 and Bap1).4. Discussion
Mangrove swamps cover roughly 60–75% of the word’s tropical
and subtropical coastlines, and are known as highly productive
ecosystems (Liang et al., 2007). Microbial diversity, abundance
and activities are high in mangrove sediments. Tian et al. (2008) re-Fig. 7. RFLP analysis of all theport that the number of PAH-degrading bacteria in the Fugong
mangrove sediments are very high (104–105 CFU g1 dry weight),
and possess a considerable potential to degrade PAH contamina-
tion. Our knowledge of microbial diversity has been limited by reli-
ance on the traditional cultivation-based methods, where it was
difficult to distinguish individual strains by screening so many bac-
teria because of the time-consuming processes and complex exper-
iments involved, and even more difficult to differentiate any
minute differences between strains based on their morphological
characteristics.
With the development of molecular biology technology, some
strains that were difficult to distinguish between using microscopy
and physiological biochemical characteristics can now be identi-
fied using these molecular methods. Using ribosomal RNA gene se-
quences as the criteria for identification, numerous new members
belonging to known or new lineages of the bacterial domain have
been detected.
RFLP analysis is a novel technology that is based on analysis of
the profiles of short DNA fragment size, which have been digested
by restriction enzymes at specific points. If the enzyme digested
patterns of two bacterial 16S rDNA show different fragment sizes,
the strains could not possibly have come from the same sample. On
the other hand, two strains showing the same pattern could possi-
bly have come from the same sample. The experimental procedure
included only three steps: (1) to amplify the DNA fragment with
routine 16S rDNA primers; (2) to digest the PCR products with
restriction enzymes AfaI, MspI or both; (3) to run the digested
product on 3% agarose gel and identify the sample based on the
restriction profiles.
PCR–RFLP played an important role in the rapid analysis of PAH-
degrading bacteria in the 16S rDNA library. Research on degrada-
tion of the PAHs in anaerobic enrichment cultures shows that the
degradation of naphthalene and phenanthrene are inhibited when
a selective inhibitor of methanogenesis is introduced (Chang et al.,
2006). The microbial community structures of the naphthalene-PAH-degrading bacteria.
Table 2
Alignment of 16S rDNA sequences of PAH-degrading bacteria to its most-similar sequences in GenBank.
Strain Closest organism in GenBank database Accession No. Similarity Taxonomic group
F2 Novosphingobium pentaromativorans strain US6-1 AF502400 99% a-Proteobacteria
F4 Stappia sp. M8 AY307927 99% a-Proteobacteria
B1 Kordiimonas gwangyangensis strain GW14-5 AY682384 99% a-Proteobacteria
B16 Pseudoalteromonas sp. A25 AF227237 98% c-Proteobacteria
B17 Marinobacter sp. 61B DQ629025 97% c-Proteobacteria
P1 Vibrio parahaemolyticus EF467290 99% c-Proteobacteria
P7 Insulimonas litoralis strain IMCC1877 DQ917760 96% c-Proteobacteria
P9 Thalassospira sp. MACL12B EF198251 99% a-Proteobacteria
P12 Pseudomonas stanieri AB021367 98% c-Proteobacteria
M2 Rhodobacteraceae bacterium GPM2511 AJ871950 99% a-Proteobacteria
M3 Pseudomonas sp. E4-1 DQ227349 99% c-Proteobacteria
B2 Roseobacter sp. Y2 DQ120728 95% a-Proteobacteria
F16 Roseobacter sp. Y2 DQ120728 95% a-Proteobacteria
F19 Insulimonas litoralis strain IMCC1877 DQ917760 94% c-Proteobacteria
Fig. 8. Phylogenetic tree based on the 16S rDNA encoding gene of all the PAH-degrading bacteria from mangrove sediments.
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RFLP in the 16S rDNA library. Molecular characterization based
on the RFLP type of 16S rDNA sequences confirm that the metha-
nogenic Archaea are eliminated, providing evidence that methano-
genesis is involved in the degradation pathway of PAHs. In
addition, it would also select various restriction enzymes according
to the length of their PCR products. Otherwise, the same size DNA
fragments may be produced if the digested PCR products were the
same among different bacterial species. The chances of distinguish-
ing different bacteria would be increased if various enzymes were
selected. Cook and Meyers (2003) use genus-specific 16S rRNA
gene fragment patterns to identify filamentous actinomycetes rap-
idly to the genus level with four different restriction enzymes. She-
khar et al. (2005) analyze 12S and 16S mitochondrial rRNA genes
from brackishwater finfish and shellfish species using PCR–RFLP
methods. Three restriction enzymes were selected to digest the
12S rRNA gene, and another three restriction enzymes were se-
lected to digest the 16S rRNA gene. All of these enzymes were
found to have different restriction sites. The above conclusion
should be confirmed by future investigations, taking into consider-
ation all possible genotypes at different loci and using other
restriction enzymes for recognizing the variants.In this study, two restriction enzymes, AfaI and MspI, were se-
lected to digest the 16S rDNA fragment of the PAH-degrading bac-
teria. It was very easy to identify the same bacterial species
according to the profile of the DNA fragment size. Identification
information on strains was rapidly and highly efficiently provided
using PCR–RFLP methods instead of the low efficiency and amount
of time consumed using traditional methods. However the purified
strains would not have been obtained if only the molecular biology
method was selected; it was by combining traditional culture and
modern technology methods that many more PAH-degrading bac-
teria would be obtained.
Based on microbial morphology and the results of RFLP analysis,
14 strains of PAH-degrading bacteria were isolated from mangrove
sediments. All of these strains belonged to the Proteobacteria,
including a-proteobacteria (seven strains, 50%) and c-proteobacte-
ria (seven strains, 50%). Bacterial genera are also reported that pos-
sess the function of PAH degradation, in other documents (Brito
et al., 2006). Novosphingomonas (F2) from the a-proteobacteria is
the most reported genus in relation to PAH degradation in recent
years. The strain most similar to F2 was isolated from coastal mar-
ine sediment (Sohn et al., 2004). It could be that these strains not
only exist widely in the environment, but also are related with pol-
H. Liu et al. / Marine Pollution Bulletin 60 (2010) 2056–2061 2061lutant biodegradation, and are important pollutant degrading bac-
teria. Moreover, Marinobacter (Gu et al., 2007; McGowan et al.,
2004) (B17) and Pseudomonas (Arino et al., 1998; Ma et al., 2006)
(B16, P12 and M3) from the c-proteobacteria have the ability of
PAH degradation. In addition, P7, B2, F16 and F19 displayed only
96%, 95%, 95% and 94% similarity to the representative sequences
in GenBank, and these strains were hypothesized as new PAH
degraders, and further identification and degradation experiments
are being carried out.
Finally, the results also showed that many PAH-degrading bac-
teria existed in mangrove areas, and exploration and development
of these microorganisms from the mangrove would have good
prospects for bioremediation studies on PAH contaminated envi-
ronments in the future.
5. Conclusions
In summary, there are rich bacterial resources in mangrove sed-
iments. The use of traditional culture techniques based on morpho-
logical characters has its limitations. One of the modern
approaches to study genetic variation in bacterial species is the
RFLP analysis of 16S rDNA using PCR amplification. The method
proposed in the present study is rapid, sensitive, specific and con-
venient for the detection of different strains. It can exclude the
influence of artificial factors and greatly improve the validity of
identification. More importantly, this method offers an attempt
to distinguish these species at any stage in the bacterial life cycle.
These studies have also collectively provided useful insights into a
method for screening large numbers of bacterial strains in coastal
marine sediments in the future.
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